As a core language area, Broca's region was consistently activated in a variety of language studies even across different language systems. Moreover, a high degree of structural and functional heterogeneity in Broca's region has been reported in many studies. This raised the issue of how the intrinsic organization of Broca's region effects by different language experiences in light of its subdivisions. To address this question, we used multicenter resting-state fMRI data to explore the cross-cultural consistency and diversity of Broca's region in terms of its subdivisions, connectivity patterns and modularity organization in Chinese and German speakers. A consistent topological organization of the 13 subdivisions within the extended Broca's region was revealed on the basis of a new in-vivo parcellation map, which corresponded well to the previously reported receptorarchitectonic map. Based on this parcellation map, consistent functional connectivity patterns and modularity organization of these subdivisions were found. Some cultural difference in the functional connectivity patterns was also found, for instance stronger connectivity in Chinese subjects between area 6v2 and the motor hand area, as well as higher correlations between area 45p and middle frontal gyrus. Our study suggests that a generally invariant organization of Broca's region, together with certain regulations of different language experiences on functional connectivity, might exists to support language processing in human brain.
Introduction
As one fundamental domain in cultural variations, language diversity has been reported in almost every linguistic aspect (Evans and Levinson, 2009; Fitch, 2011; Nettle, 1999) . For instance, as a typical logographic language, Chinese maps each graphical character directly into one syllable using orthography-to-phonology transformation. Whereas, alphabetic languages like German segment each word into letters and then translate into a phonetic sequence following the grapheme-to-phoneme conversion rules (Tan et al., 2005a) . Besides, Chinese has the unique characteristics of many varieties of spoken dialects assigned to the same writing systems, and using tones to distinguish between irrelevant characters. Additionally, homophones are more common in Chinese languages due to fewer distinct syllables than common written characters. The topic of how language diversity shapes the brain has attracted numerous researchers to study the underlying neural basis of language (Berwick et al., 2013; Friederici, 2011; Gomez et al., 2014; Musso et al., 2003; Nakamura et al., 2012) . It has been widely reported that different language experiences were associated with various brain activations during processing of language http://dx.doi.org/10.1016/j.neuroimage.2017.02.042 Received 21 October 2015; Accepted 15 February 2017 (Paulesu et al., 2000; Tan et al., 2005a; Wu et al., 2012) and perception Xue et al., 2006) , diverse structural basis for dyslexia (Jednorog et al., 2015; Paulesu et al., 2001; Siok et al., 2008; Siok et al., 2004) , as well as other distinct cognitive abilities (Salillas and Carreiras, 2014; Zhu et al., 2007) . However, despite these cultural influences on brain mapping, a common language brain network has been revealed (Bolger et al., 2005; Paulesu et al., 2000; Tomasi and Volkow, 2012) . As a core language region, Broca's region is involved in language processing across a variety of studies, for instance, during learning of new languages in both infants and adults (DehaeneLambertz et al., 2002 (DehaeneLambertz et al., , 2006 Gomez et al., 2014; Musso et al., 2003) , and performing various language tasks across linguistic domains (Bolger et al., 2005; Price, 2012; Tan et al., 2005a) . A consistent activation pattern in Broca's region has also been discovered for the processing of differential language systems, such as signed and spoken languages (Campbell et al., 2008; Neville et al., 1998; Soderfeldt et al., 1997) , as well as native and second languages (Clahsen and Felser, 2006; Illes et al., 1999; Perani and Abutalebi, 2005) . This study aimed to reveal the cross-cultural consistency in the intrinsic organizational principles of Broca's region as well as the characteristics of neural plasticity in terms of different language experiences.
However, talking of "Broca's region" disregards the fact that it is a heterogeneous region in many respects. Its intrinsic architecture has been studied using histological anatomy, whereby the subdivisions were distinguished by significant changes in laminar patterns of cell bodies (cytoarchitecture) (Amunts et al., 1999; Brodmann, 1909) or in distributions of transmitter receptors (receptor architecture) (Amunts et al., 2010) . More recently, neuroimaging studies have also revealed the non-homogeneity of Broca's region by showing different activations of its subregions in various language tasks, for instance area 44 v was involved in syntax processing while the inferior frontal sulcus was associated with working memory (Clos et al., 2013; Makuuchi et al., 2009) . Distinct anatomical (Anwander et al., 2007; Neubert et al., 2014) and functional connectivity profiles (Goulas et al., 2012; Klein et al., 2007) of the subdivisions in Broca's region have also been reported, for instance the engagement of area 44 in the dorsal language pathway by projecting to posterior superior temporal gyrus and the involvement of area 45 in the ventral language pathway by connecting with the anterior superior temporal gyrus. In light of the subdivisions, it is still unclear how far the fine-grained organization of Broca's region is affected by linguistic diversity.
Resting-state fMRI (rs-fMRI), which measures spontaneous fluctuations in BOLD signals, provides important insights into the core organization of the brain (van den Heuvel and Hulshoff Pol, 2010; Zhang and Raichle, 2010) and is therefore a useful tool to address the question of the cross-cultural consistency and diversity in the intrinsic organization of Broca's region. In this study, multi-center rs-fMRI data was used to test our hypothesis, including two datasets acquired in Chinese Han and Bai ethnic populations, who speak different Chinese dialects, and the other two datasets obtained from two local German groups, who are native speakers of German. We explored the crosscultural consistency and diversity in the functional organization of Broca's region, including the topology of its subdivisions, functional connectivity patterns and modularity organization.
Materials and methods

Data acquisition and preprocessing
Four rs-fMRI datasets from different centers were used in this study, consisting of a total of 122 healthy right-handed participants. Detailed information regarding these subjects is provided in Table 1 . All subjects provided written informed consent to the study protocol as approved by the local ethics committee. The subjects were instructed to rest with their eyes closed, relax their minds, and remain as motionless as possible during the scanning. The first two datasets were acquired from two different Chinese ethnic populations using the same Philips Achieva 3.0 T MRI scanner. The first dataset consisted of 29 subjects of the Chinese Bai ethnic group (16 males; age range=20-36 years, mean age=25.0, standard deviation (SD)=4.35), who speak the Chinese Bai language which belongs to the Chinese-Tibetan Phylum and has its own written characters (Wang, 2004) . The second dataset consisted of 29 subjects of the Chinese Han population, who speak Chinese Mandarin (14 males; age range=22-34 years, mean age=26.0, SD=2.1). A total of 240 volumes, each covering the entire brain including the cerebellum with 33 axial slices, were acquired using a gradient-echo echo planar imaging (EPI) sequence [repetition time (TR)=2.0 s, echo time (TE)=30 ms, field of view (FOV) =220×220 mm 2 , matrix=64×64, slice thickness=4 mm, gap=0.6 mm, flip angle=90°]. A structural scan was also acquired for each participant, using a T1-weighted 3D turbo field echo (TFE) sequence (TR=8.2 s, TE=3.8 ms, FOV=256×256 mm 2 , matrix=256×256, number of slices=188, slice thickness=1 mm, no gap, flip angle=7°).
Using a Siemens Tim-TRIO 3.0 T MRI scanner, the third dataset was acquired from 32 native speakers of German (14 males; age range=22-39 years, mean age=29.0, SD=4.82), selected from a sample of 100 subjects at the Research Centre Jülich that has been used in a number of studies (Cieslik et al., 2013; Jakobs et al., 2012; Kellermann et al., 2013; Roski et al., 2013; Rottschy et al., 2013; Eulenburg et al., 2012) . This cohort was chosen to match the age and gender of the two Chinese datasets. For each subject, 300 resting state EPI images were acquired using a gradient-echo EPI pulse sequence [TR=2.2 s, TE=30 ms, flip angle = 90°, in plane resolution=3.1×3.1 mm 2 , 36 axial slices (3.1 mm thickness) covering the entire brain]. A structural scan was also acquired for each participant, using a T1-weighted 3D magnetization-prepared rapid acquisition with gradient echo (MPRAGE) sequence (176 axial slices, TR=2.25 s, TE=3.03 ms, FOV=256×256 mm 2 , flip angle=9°, final voxel resolution: 1 mm×1 mm×1 mm).
The fourth dataset was downloaded from the 'Leipzig' dataset in the 1000 Functional Connectome Project website (www.nitrc.org/projects/ fcon_1000) (Biswal et al., 2010; Kelly et al., 2012; Tomasi and Volkow, 2012) . Thirty-two native speakers of German (13 males; age range = 20-31 years, mean age = 25.0, SD = 3.0), out of 37 healthy righthanded participants were selected in order to match age and gender. For each subject, 195 resting state EPI images were acquired during resting state with fixation on a cross, using a gradient-echo EPI pulse sequence [TR = 2.3 s, TE = 30 ms, flip angle = 90°, in plane resolution = 3.0 × 3.0 mm 2 , 34 axial slices (4 mm thickness) covering the entire brain]. A structural scan was also acquired for each participant. More detailed description of this project and other scan parameters are available at http://www.nitrc.org/frs/?group_id=296 and http://www. nitrc.org/docman/view.php/296/719/fcon_1000_ReleaseTable_ 20100803.xls.
All four rs-fMRI datasets were preprocessed using the same script as described in the 1000 Functional Connectome Project (www.nitrc. org/projects/fcon_1000) (Biswal et al., 2010) . The preprocessing steps included: 1) discarding the first ten volumes in each scan series for signal equilibration, 2) performing slice timing correction and motion correction, 3) removing the linear and quadratic trends, 4) band-pass temporal filtering (0.01 Hz < f < 0.08 Hz), 5) spatial smoothing using a 6-mm full-width at half-maximum (FWHM) Gaussian kernel, 6) performing nuisance signal regression [including white matter (WM), cerebrospinal fluid (CSF), the global signal, and six motion parameters], and 7) resampling into Montreal Neurological Institute (MNI) space with the concatenated transformations, including rigid transformation from the mean functional volume to the individual anatomical volume via FLIRT (Jenkinson and Smith, 2001) , followed by spatial normalization of the individual anatomical volume to the MNI152 brain template (3 mm isotropic resolution) using FNIRT (Andersson et al., 2007) . Finally, a four-dimensional time-series dataset in standard MNI space with 3mm isotropic resolution was obtained for each subject after preprocessing.
Seed region
It has been widely accepted that two cytoarchitectonic distinct areas, i.e. area 44 and area 45 constitute the anatomy of Broca's region. In most functional studies, researchers subsume the opercular, triangular and orbital parts of the inferior frontal gyrus in the term of Broca's region (corresponding to areas 44, 45 and 47). Here, we manually delineated Broca's region and its neighboring areas according to the descriptions in the receptorarchitectonic map (Amunts et al., 2010) following the instructions of an expert in brain anatomy. The pial and white-matter surfaces were first reconstructed using the FreeSurfer software (https://surfer.nmr.mgh.harvard.edu/) on the basis of the MNI152 brain template with a 1mm isotropic resolution (http://www.bic.mni.mcgill.ca/ServicesAtlases/ICBM152NLin2009). The seed region was delineated on the pial surface using the following landmarks: the ventral rostral wall of the central sulcus as the posterior border, the lateral orbital sulcus as the anterior border, complete inclusion of the inferior frontal gyrus (including the opercular, triangular and orbital parts) and inferior frontal sulcus (i.e. its ventral and dorsal walls), inclusion of the frontal operculum and the transition from the frontal operculum to the anterior insula. The surface-based label file was then transformed into volume using the mri_label2vol command from Freesurfer, and extended more into the gray matter via dilation with a 3mm-sphere kernel. Additional greymatter mask (with a threshold of 25%) was performed to exclude voxels with a high probability of white matter. The final volume was manually edited to exclude voxels within the insula by overlaying with the insular mask from the Harvard-Oxford template (Desikan et al., 2006) and then transformed into the MNI space with 3mm isotropic resolution using FLIRT (Jenkinson and Smith, 2001) . Therefore, our seed region consisted of the ventral part of the precentral gyrus, the opercular, triangular and orbital parts of the inferior frontal gyrus (IFG), the inferior frontal sulcus (IFS), the inferior frontal junction (IFJ), and the frontal and central operculum (Fig. 1a) .
Brain parcellation procedure using rs-fMRI data
In this study, we used a two-level parcellation scheme, including both individual-and group-level brain parcellation (Fig. 2) . First, a robust parcellation procedure was applied on each subject to generate a set of individual parcellation maps. Then, these individual parcellation results were summarized into one group parcellation map using consensus clustering (Ghaemi et al., 2009; Strehl and Ghosh, 2003) .
Individual-level parcellation
In order to achieve robust brain parcellation maps for individuals, we applied the sparse representation theory to construct sparse similarity graphs on the basis of synchrony in low-frequency fluctuations of BOLD signals. Such sparse graphs could restrain noise effects on parcellation maps and also preserve inter-subject variability at the same time . Then, spectral clustering was applied to these similarity graphs for clustering analysis and individual brain parcellation results were generated with predefined cluster numbers (see below for details). The sensitivity and robustness of this method has been well demonstrated in our previous study on both simulated and real rs-fMRI data.
Sparse representation
The sparse representation theory has been widely used in image processing, for instance, in classification of face, natural and medical images (Su et al., 2012; Wright et al., 2010; Wright et al., 2009) , and recently been introduced into analysis of fMRI data (Li et al., 2009; Lv et al., 2015; Wee et al., 2014; Zhang et al., 2015) . It employs a multivariate regression model to characterize the unique contribution of each variable in the data, different from the traditional correlation analysis conducted independently for each pair of variables regardless of the effects of other variables. In addition to this self-representation model, extra sparsity constraints on the representation coefficients as well as error terms are employed to identify the most relevant variables in the data (see Eq. 1). As a result, it achieved high ability in both reducing noisy artifacts and recovering effective signals . Importantly, both the whole-brain functional connectivity patterns and the local time-varying BOLD signals may be employed as features in our method. Here, we focus on the use of BOLD signals to illustrate the method. Specifically, the time-course of each voxel may be represented as a sparse linear combination of other voxels within the seed region (Fig. 2c) , which identifies relevant voxels with similar patterns of low-frequency fluctuations in BOLD signals. The sparse representation of each voxel was calculated by solving the convex ℓ 1 -norm minimization problem (Eq. 1).
where f i is the feature vector of voxel v i which could be either its timevarying BOLD signal or functional connectivity map, F Ni is the dictionary matrix which includes the time-series or functional connectivity maps from all voxels within the seed region except voxel v i , ε is a small real number to control the accuracy of the liner representation, c i is the representation coefficient vector to be solved which represents the similarity between seed voxels, and e i is the error term which allows noisy effects on a small number of time points or brain voxels. Additional sparsity constraints were used on both the coefficient vector c i 1 and the error term e i 1 . The above objective function (Eq. 1) can then be converted into an equivalent Lagrangian function:
where the sparsity parameter λ is a tradeoff between the accuracy of the linear expression and the sparsity of the coefficient vector. As shown in , robust parcellation was achieved on both simulated and real rs-fMRI data when the sparsity parameter was located within the interval [0.1, 1]. Here, we only showed the results by using λ = 0.1. To solve the above ℓ 1 -minimization problem (Eq. 2), we , and successively builds a sparse solution by adding or removing elements from its active set until the representation error term was satisfied (Donoho and Tsaig 2008) .
The resulting coefficient vector c i is extended into an n-dimensional vector ĉ i by inserting a zero entry at the i-th row and further combined into a coefficient matrix C c c c
with zero-diagonal elements (Fig. 2c ). Spectral clustering (Shi and Malik, 2000) was then applied to the symmetrized coefficient matrix in order to generate final parcellation results for each individual (Fig. 2d ). Detailed descriptions of this method can also be found in . After individual-level parcellation, the population probabilistic maps were generated by estimating the spatial distribution of each subdivision which showed the probability of how many subjects having the same labels in their individual parcellation maps.
Group-level parcellation
After the stage of individual parcellation, an additional group-level parcellation procedure was applied in order to summarize the generalized topological organization in the parcellation maps across subjects (Fig. 2e) . First, the parcellation map of each individual was used to calculate a consensus matrix S, with each element S = 1 ij if and only if Our seed region included the ventral part of the precentral gyrus, the opercular, triangular and orbital parts of the inferior frontal gyrus, the inferior frontal sulcus and junction areas, and the frontal and central operculum. The seed region was manually delineated on the basis of the averaged T1 images of MNI152 brain template and edited to exclude voxels from the insula. The seed region was shown on the lateral surface view (A) as well as the coronal and axial slice views (B) which were both overlapped on the averaged MNI152 brain. The consistent parcellation map of Broca's region across the four rs-fMRI datasets was also shown on lateral surface view (C) as well as the coronal and axial slice views (D). Fig. 2 . Parcellation scheme when using sparse representation on rs-fMRI data. The procedure includes a two-level brain parcellation scheme. The first row presents the process for individual parcellation. Specifically, after defining the seed region (A), we extracted the BOLD signal of each voxel within the seed region (B) and calculated its representation coefficients by searching across the entire seed region based on the sparse representation theory (C). A sparse similarity matrix was constructed based on these representation coefficients and spectral clustering was applied to generate individual parcellation for each subject (D). The second row shows the procedure of group-level parcellation in order to summarize the generalized topology of subdivisions across subjects. Specifically, a consensus matrix was calculated from the individual parcellation map of each subject and averaged across all subjects in the whole group (E). This averaged consensus matrix was then applied to spectral clustering for the group parcellation map (F). See Materials and methods for more detailed explanations of this parcellation method.
Y. Zhang et al. NeuroImage 150 (2017) 177-190 voxel v i and voxel v j belong to the same cluster. Second, the consensus matrices from all subjects were averaged to generate a group consensus matrix, in which each element represents the percentage of two corresponding voxels belonging to the same cluster. This group consensus matrix could be treated as a group-level similarity matrix and applied to spectral clustering for the final group parcellation.
Suitable cluster number
The suitable cluster number was determined by evaluating the consistency of parcellation between randomly selected subgroups in each dataset. Specifically, a pair of parcellation maps was generated by first randomly splitting the subjects into two subgroups and then applying the above group-level parcellation procedure on each subgroup. This procedure was repeated for 100 times in order to generate a series of pairs of random subgroups and their corresponding parcellation maps. The consistency between each pair of parcellation maps was evaluated by the normalized mutual information (NMI) . Two other stability indices were also tested on these parcellation results, including dice coefficient and Cramer's V . All three indices have values in the range [0, 1], with 0 meaning totally different parcellation patterns, and 1 meaning perfect match of the parcellation results. The mean value of the consistency indices across all random samples was calculated to represent within-group reproducibility of the parcellation map under specific cluster numbers. As considering the multi-structure organization of our seed region, we started the parcellation procedure from 6 subregions and increased the number of subdivisions until 15, which means the parcellation procedure was repeated with the cluster number assigned to each value in the range from 6 to 15. We assumed that the parcellation map with higher stability indices was more reliable. Considering the indices would decrease as the number of clusters increases, we searched for peaks instead of the highest values in the stability curve. Therefore, we identify the suitable cluster number, for each dataset separately, as the peaks in the within-group reproducibility figure.
Permutation test
The above parcellation procedure was performed on each dataset separately. In order to test the difference in parcellation maps across datasets, a permutation test was performed based on all individual parcellation results from the four datasets, under the null hypothesis that no significant difference exists among groups. A sampling distribution of the consistency values was generated by using a bootstrapsampling procedure as follows. Two random subgroups, each consisting of 30 subjects, were sampled without replacement from the whole 122 subjects. Then, one parcellation map was generated for each subgroup by using the above group-level parcellation procedure. The consistency of parcellation between each pair of subgroups was evaluated by the stability indices. This procedure was repeated for 1000 times in order to generate a series of random samples and their corresponding consistency values. Finally, the p-value of difference in parcellation results was evaluated by calculating the percentage of permutated consistency values, out of the total number of permutations, that was smaller than the observed minimum value of consistency between datasets.
Resting-state functional connectivity
Based on the new in-vivo parcellation map of Broca's region, the functional connectivity pattern of each subdivision was analyzed on each dataset separately. To avoid possible overlapping among clusters, for each subdivision, one region of interest (ROI) was generated by first thresholding the population probabilistic map (i.e. the percentage of subjects who showed the same labels in the individual parcellation maps) in each dataset with a probability of 50%, and then overlapping across the four datasets (as shown in Fig. S2b ). This procedure could partially rule out the mismatching of subdivisions between subjects and the effects of different brain shapes between groups after spatial registration. The mean time-course of the ROI was extracted individually to calculate the whole-brain functional connectivity using Pearson's correlation along with normalization by Fisher's z-transform. As a result, a z-score connectivity map was generated for each subdivision on each individual. Additional group analysis of these connectivity maps was performed on each dataset independently, using a one-sample t-test in SPM8 (with N=29, 29, 32 and 32 subjects, respectively), with correction for multiple comparisons (false discovery rate (FDR) corrected p=0.01, cluster size > 50 voxels by AlphaSim correction with p-value=0.01 in the averaged brain mask with 3mm resolution). Finally, a significant functional connectivity map was generated for each subdivision on each dataset.
Statistical tests on connectivity patterns
In order to identify the common connections across different groups, a conjunction analysis using minimum statistics (Nichols et al., 2005) was performed on the connectivity maps. Specifically, for each subdivision, the t-score connectivity map from the above group analysis was first binarized (FDR corrected p=0.01, cluster size > 50 voxels with the voxel-size of 3mm isotropy resolution) to represent the spatial distribution of significant connectivity patterns. Then, the binarized connectivity maps were overlapped across different datasets using the minimum statistics, e.g. between two Chinese datasets, two German datasets and among all four datasets. Only the positive functional connectivity was involved in the conjunction analysis while all anti-correlations with default mode network were neglected during analysis. Meanwhile, the contrast analysis of group differences (i.e. Chinese vs German) in functional connectivity patterns were also tested by using a two-sample t-test in SPM8 and corrected for multiple comparisons (FDR corrected p=0.01, cluster size > 50 voxels). Similar conjunction and contrast analysis of functional connectivity patterns was also performed for each module within Broca's region (explained below).
Hierarchical organization
The subdivisions could be grouped into different functional modules according to spatial similarities of their functional connectivity patterns (Goulas et al., 2012; Nelson et al., 2010; Sporns, 2013) . Here, we performed hierarchical clustering on the similarity matrices of connectivity patterns, and revealed a hierarchical organization among these subdivisions. Specifically, the z-score connectivity maps of each subdivision were first averaged across all subjects. Spatial similarities between these averaged connectivity maps were then assessed by using Pearson correlation and subsequent transformation into the distance measure via r 1 − , where r is the correlation coefficient. Finally, a dendrogram was constructed based on the new distance matrix by using the hierarchical clustering algorithm with "average linkage" in MATLAB (http://www.mathworks.cn/). Additional modularity analysis was performed by the modularity maximization algorithm (Newman and Girvan, 2003; Rubinov and Sporns, 2011) , which automatically estimates the number of modules by optimizing the Qfunction. The group averaged correlation matrices were used as the similarity measures between subdivisions. This modularity analysis was also conducted on the Chinese and German separately to assess the cross-cultural convergence and divergence in modularity organization.
Results
Consistent parcellation of Broca's region
A consistent parcellation of Broca's region was achieved on the basis of synchrony in fluctuations of time-varying BOLD signals in the four datasets acquired from different populations (Fig. 3a) . The suitable number of subregions was determined by evaluating the reproducibility of parcellation among random subgroups for each dataset. Thirteen stable clusters were identified within our seed region, which showed high reproducibility on each dataset (mean NMI=0.85, 0.83, 0.84 and 0.84, respectively, for datasets 1-4). The same conclusion was drawn by using other stability indices (Fig. S3) . Besides, this parcellation map also showed high consistency across datasets (NMI=0.89, 0.88 and 0.87, respectively, for the two Chinese datasets, two German datasets and all datasets) (Fig. 3c) . Furthermore, similar parcellation map was generated by using the whole-brain functional connectivity patterns as features for clustering analysis (Fig. 4b) , with a similarity of NMI=0.82 with our current parcellation map. It is worth mentioning that, no spatial information was used in our parcellation method. These subregions were identified only by their similarities of fluctuations in time-varying BOLD signals or changes across wholebrain connectivity patterns. To confirm this, we compared our parcellation with the geometric parcellation, which constructs the similarity matrix by calculating the Euclidean-distance of the spatial coordinates between voxels and performs clustering analysis (e.g. spectral clustering) directly on the inverse of these distances (Craddock et al., 2012) . The results showed a comparable pattern on the surface view (Fig. 4c ), but actually a much lower similarity with our parcellation map (NMI=0.71), which implies the mismatching of clustering between voxels in the volume space. For instance, the geometric parcellation intends to group the inferior frontal junction and frontal operculum together because of their vicinity in volume space (Fig. 4c) . Meanwhile, sparse representation, using either time-varying BOLD signals or whole-brain connectivity patterns as feature, treated them as totally different functional areas. This functional separation of IFJ and op coincided with previous language studies showing that IFJ was involved in cognitive control Derrfuss et al., 2005) while op was associated with grammatical processing (Friederici et al., 2006) . In summary, our parcellation maps achieved high consistency not only within each dataset (i.e. within-group reproducibility) but also between groups (i.e. between-group consistency) and even by using different features. They all differed from the geometric parcellation.
The consistency of parcellation was evaluated not only in the above group-level analysis, but also across individual parcellation maps. First of all, certain inter-individual variability of the resulting subdivisions The convergent parcellation map of Broca's region among these four datasets, which consisted of 13 subdivisions, including dorsal and ventral area 44, anterior and posterior area 45, anterior and posterior area 47/12, and two subregions within area 6 v, four clusters within IFS and IFJ, as well as a cluster in the frontal and central operculum. This in-vivo parcellation map achieved high correspondence to the receptorarchitectonic map (adapted from (Amunts et al., 2010) with permission from the author). (C) The reproducibility of parcellation results was calculated separately for each dataset, which indicated k =13 was the suitable cluster number. High consistency of these parcellation maps was also archived within and between language groups. was revealed, as shown in the population probabilistic maps (Fig. S2) . For instance, large variance was found at the boundary of areas 44d and 44 v, ifj1 and 45p. This variability was also present on the individual-level parcellation maps randomly selected from the four datasets (Fig. S1d) . However, no significant difference between groups was found by comparing either the principle components of individual parcellation results (Fig. S1b) or the distributions of the similarity indices across individuals (Fig. S1c) , which both showed large overlaps across Chinese and German subjects. Moreover, the permutation test on these individual parcellation results also showed no significant difference among the four datasets (p-value=0.563). Therefore, our parcellation map showed high consistency in both group and individual levels, but still preserved certain individual variability.
The hereby obtained parcellation map of Broca's region was compared to the parcellation scheme recently proposed based on the differential distribution of transmitter receptors (Amunts et al., 2010) . We identified a very similar topological pattern with coherent spatial relations ( Fig. 3b) : two subregions in the ventral premotor cortex, corresponding to areas 6v1 and 6v2 of Amunts et al. 2010 ; two clusters at the junction of inferior frontal sulcus and precentral sulcus (IFJ), corresponding to ifj1 and ifj2; two clusters in the inferior frontal sulcus (IFS) with the caudal one covering the posterior part of IFS and corresponding to the combination of areas ifs1 and ifs2 (ifs1/2), whereas the rostral one covered the anterior part of IFS (aifs) which was still unmapped in the receptorarchitectonic map; a dorsal and ventral cluster in the opercular part of the left inferior frontal gyrus (i.e. area 44), corresponding to areas 44d and 44 v; a caudal and rostral cluster in the triangular part of the left inferior frontal gyrus (i.e. area 45), corresponding to areas 45a and 45p; one cluster on the frontal operculum, corresponding to the combination of areas op8 and op9. In addition, an anterior and posterior cluster were found in the orbital part of the inferior frontal gyrus (i.e. area 47/12), which was not included in the receptorarchitectonic map (Amunts et al., 2010) , but still corresponded to architectonic subdivisions in the lateral orbital gyrus, i.e. areas 47/12a and 47/12p (Ongur et al., 2003; Petrides and Pandya, 2002) . It is worth mentioning that we only achieved an approximate correspondence in spatial relations for these subdivisions. The assignment of the present clusters to the receptorarchitectonic parcellation was done by qualitative visual comparison because the 3D map of the recetor architecture of Broca's region is still unavailable.
Conjunction analysis on connectivity patterns
A wide range of common connections across the four datasets was identified for each subdivision by means of conjunction analysis on their functional connectivity maps (Fig. 5) . In particular, area 44 v showed common connections with the insular cortex, middle frontal gyrus (MFG), supramarginal gyrus (SMG), and superior temporal gyrus (STG), while area 44d showed common connections with posterior middle frontal sulcus (MFS), IFS and intraparietal sulcus (IPS). Area Fig. 4 . Comparison of parcellation maps generated by using different features. Similar parcellation maps were generated by using local time-varying resting-state BOLD signals (A) or whole-brain functional connectivity patterns (B). A high similarity of NMI=0.82 was archived between these two maps. In the meanwhile, the geometric parcellation of Broca's region was also present (C), which constructs the similarity matrix by calculating the Euclidean-distance of the spatial coordinates between voxels and performs clustering analysis directly on the distance matrix. A much lower similarity between the geometric parcellation with our current parcellation map was archived (NMI=0.71). A detailed comparison of these parcellation maps was also shown in the slice view (D). As marked in the red circle, the geometric parcellation intends to group the inferior frontal junction and frontal operculum together because of their vicinity in volume space. Meanwhile, sparse representation, using either time-varying BOLD signals or whole-brain connectivity patterns as feature, treated them as totally different functional areas. CBP-fMRI, brain parcellation using local time-varying resting-state BOLD signals as features; CBP-RSFC, brain parcellation using whole-brain functional connectivity patterns as features; CBP-Spatial, brain parcellation only using spatial coordinates of the seed voxels as features.
45a showed common connections with the triangular and orbital parts of IFG, IFJ, posterior superior temporal sulcus (pSTS) and adjacent MTG, while area 45p showed common connections with the whole IFG, as well as IFS and IFJ. Area 47/12a showed common connections with the whole IFG, IFS and IFJ, AG, and posterior MTG, while area 47/12p showed common connections with the triangular and orbital parts of the IFG, IFJ, and posterior STS.
Cluster 6 v1 showed common connections to the face area of the precentral and postcentral gyrus (Meier et al., 2008) , posterior insular cortex and STG, while cluster 6v2 also showed common connections to the face area of the precentral and postcentral gyrus. Cluster ifj1 showed common connections with the orbital part of IFG, posterior IFS and MFG, and AG, while cluster ifj2 showed common connections with the triangular and orbital parts of IFG. Cluster aifs showed common connections with the opercular and triangular parts of IFG, IFS, anterior insular cortex, SMG, anterior MTG, while cluster ifs1/2 also showed common connections with the opercular and triangular parts of IFG, IFS, and IPS. Moreover, cluster op showed common connections with the opercular part of IFG and anterior insular cortex.
Contrasts on connectivity patterns
The conjunction analysis revealed a common brain network connecting with Broca's region in both Chinese and German speakers, but some culture-specific connectivity was shown. Detailed functional connectivity maps of each subdivision for each dataset are shown in Fig. S4 . In order to test the significance of differences in functional connectivity patterns between Chinese and German groups, additional two-sample t-tests were performed. Only clusters 6v2 and 45p showed significant differences in connectivity patterns between Chinese and German subjects (Fig. 6) . Specifically, Chinese subjects showed significant higher connectivity with cluster 6v2 in the left precentral and postcentral gyrus, as well as the right lateral visual cortex and ITG. Stronger connectivity with cluster 45p in the left middle frontal gyrus Fig. 5 . Conjunction analysis of functional connectivity patterns for each subdivision. Common connections for each of the thirteen subdivisions was present for the Chinese datasets (green), German datasets (blue) and across all four datasets (red). For each pair of figures, the first column shows the location of the subdivision on the lateral surface view, and the second column shows the conjunction analysis of its significant functional connectivity patterns across the four datasets which was binarized first with multiple comparison corrections (FDR p=0.01, cluster size > 50 with 3mm isotropic resolution).
was also detected in Chinese subjects. No significant differences were found for other subdivisions. Detailed descriptions of brain areas showing significant difference between groups can be found in Table 2 . These differences were not detected intra-culturally, i.e. between either the two Chinese groups or the two German groups. Additional contrast analysis on the negative functional connectivity was also performed (Fig. S19 ), which was supported by studies showing an overlap between semantic network and default mode network (Wirth et al., 2011) , including medial prefrontal cortex, angular gyrus and anterior temporal region.
Hierarchical organization of the subdivisions
The correlation matrices, which characterized the spatial similarities of functional connectivity maps between subdivisions, showed a similar organizational pattern across the four datasets (Fig. 7a) . High consistency across language groups was shown by calculating the Pearson correlation of all connectivity values based on these correlation matrices (r=0.97 between Chinese and German datasets, only elements in the upper triangular were included in the connectivity vectors). In order to explore the hierarchical organization principles among the subdivisions, additional hierarchical clustering analysis was conducted based on the correlation matrices and a dendrogram was obtained (Fig. 7c) . Similar modularity organization was also generated by using the modularity maximization algorithm (Fig. 7b) , which identified five modules based on the averaged correlation matrix across the four datasets (Q=0.2540). Similar modularity was also achieved on the Chinese (Q=0.2597) and German (Q=0.2498) groups separately. A cultural-specific module consisting of area 45p was found in Chinese groups, which was probably caused by increased functional connectivity between area 45p and MFG (Fig. 6) .
A convergent hierarchical organization of the subdivisions was revealed, which consisted of five functional modules. Each module showed a distinct functional connectivity profile, but still presented high consistency across the four datasets (Fig. 8) . Module 6v, consisting of clusters 6v1 and 6v2, showed significant connections with the precentral and postcentral gyrus, middle insular cortex and central operculum. The five modules also presented some cultural-specific functional connectivity (Fig. 8) . To test the significance of difference in connectivity patterns, additional two-sample t-tests were performed. Only Module 6 v showed significant higher connectivity in the left precentral gyrus and right anterior ITG for the Chinese subjects (FDR corrected p=0.01, cluster size > 50 voxels) (Fig. 6c and Table 2 ). These differences were neither found between the two Chinese nor the two German datasets.
Discussion
Functional parcellation of Broca's region
In the current study, we revealed a detailed parcellation of Broca's region on the basis of heterogeneity in intrinsic brain activity. Different Fig. 6 . Significant differences in functional connectivity profiles between Chinese and German groups. Two-sample t-tests were performed for each subdivision and each module within Broca's region to test the significance of differences in the functional connectivity patterns between Chinese and German groups. Only clusters 6 v2 and 45p and Module 6 v showed significant differences between Chinese and German subjects after multiple comparison corrections (FDR p=0.01, cluster size > 50 with 3mm isotropic resolution). Specifically, in Chinese subjects, cluster 6v2 showed higher connectivity with the left precentral and postcentral gyrus, as well as the right lateral visual cortex and inferior temporal gyrus. Cluster 45p showed stronger functional connectivity with the left middle frontal gyrus in Chinese subjects. Module 6v showed significant higher connectivity with the left precentral gyrus and right inferior temporal gyrus in the Chinese subjects. The explicit spatial coordinates of these regions of difference in functional connectivity can be found in Table 2 . Table 2 Brain regions showing significant difference in connectivity patterns between Chinese and German subjects. Only two subdivisions and one module showed significant differences in functional connectivity patterns, among which only positive values (i.e. Chinese > German) survived after multiple comparison correction by FDR correction p-value =0.01, cluster size > 50 voxels with 3mm isotropic resolution.
Subdivisions /Modules
Brain regions (Chinese > German) subdivision maps of Broca's region have been proposed in the human brain, including the cytoarchitectonic (Amunts et al., 1999; Brodmann, 1909; Petrides and Pandya, 1994) , receptorarchitectonic (Amunts et al., 2010) and connectivity-based parcellation (Anwander et al., 2007; Clos et al., 2013; Gorbach et al., 2011; Goulas et al., 2012; Klein et al., 2007; Neubert et al., 2014) . It has been widely accepted that two cytoarchitectonically distinct areas, i.e. areas 44 and 45, constitute Broca's region. Previous connectivity-based studies also delineated the boundary between these two areas (Anwander et al., 2007; Gorbach et al., 2011; Goulas et al., 2012; Klein et al., 2007) . However, the newly proposed receptorarchitectonic map revealed a considerably more detailed parcellation of an extended Broca's region, including dorsal and ventral subdivisions of area 44, and anterior and posterior subregions of area 45, as well as the subdivisions in the ventral premotor cortex, inferior frontal sulcus and frontal operculum (Amunts et al., 2010) . Our study proposed a very similar parcellation map with 13 subdivisions based on rs-fMRI data (Fig. 3) . Specifically, a dorsal and ventral parcellation was uncovered for the opercular part of IFG (i.e. areas 44d and 44 v) and ventral premotor cortex (i.e. areas 6 v1 and 6 v2), and an anterior and posterior subdivision was also found for the triangular part of IFG (i.e. areas 45a and 45p) and the orbital part of IFG (i.e. areas 47/12a and 47/12p). Additional subdivisions in the inferior frontal sulcus (i.e. ifs1/2 and aifs), inferior frontal junction (i.e. ifj1 and ifj2) and frontal operculum (i.e. op) were also identified. Besides, as shown in the slice view of the parcellation map (Fig. 1D) , the subdivisions of the orbital part of IFG (i.e. area 47/12) also showed a lateromedial relationship that cluster 7 (i.e. area 47/12a) located on the lateral surface of the orbital part of IFG while cluster 8 (i.e. area 47/12p) located more medially, which coincides with the idea of the lateromedial subdivision of the lateral orbital gyrus (Ongur et al., 2003) . Similar anterior-posterior subdivision of area 47/12 has also been reported before (Petrides and Pandya, 2002) .
Different functional specializations among these subregions have been reported in previous task-based studies. For example, one fMRI study showed that syntactic processing was localized to area 44, while verbal working memory involved the IFS (Makuuchi et al., 2009) . Another fMRI study identified a functional differentiation between area 44 and op during different types of grammatical processing (Friederici et al., 2006) . Furthermore, functional subdivision of areas 6v and 44 as shown here were also supported by a meta-analytical review of functional neuroimaging language studies (Price, 2012) .
In addition, we found a highly consistent topological organization of the subdivisions of Broca's region across different language groups (Fig. 3a) . This high consistency was present in both group-and individual-level parcellation maps. At the group level, our parcellation map was highly reproducible within each dataset and also between language groups (Fig. 3c) . Consistent parcellation maps were also achieved when using different features for clustering analysis, i.e. timevarying resting-state BOLD signals or whole-brain functional connectivity patterns (Fig. 4) . At the individual level, the parcellation maps disclosed a certain amount of inter-individual variability (Fig. S2) . However, the degree of variability was similar within and across language groups (Fig. S1 ). No significant difference between language groups has been found. Thus, this cross-cultural similarity of the present parcellation of Broca's region could provide the functional substrate for a common neural basis of language processing despite the dramatic linguistic diversity between logographic and alphabetic languages.
Connectivity profiles of Broca's region
We used our new parcellation of Broca's region to identify patterns of functional connectivity with the rest of the brain. We also found considerable overlaps across language groups in patterns of functional connectivity (Figs. 5 and 8) and modularity organization ( Fig. 7 and  S5 ). This adds support to the notion of a universal architecture of Broca's region underpinning universal language networks (Fedorenko and Thompson-Schill, 2014; Friederici, 2011; Price, 2012; Tomasi and Volkow, 2012) .
The functional connectivity between Broca's region and other language areas, for instance Wernicke's area in the posterior superior temporal gyrus as well as supramarginal gyrus and angular gyrus in the inferior parietal lobule, has been widely reported in the literature (Goulas et al., 2012; Margulies and Petrides, 2013; Tomasi and Volkow, 2012; Xiang et al., 2010) . This temporal and parietal connectivity pattern of Broca's region was also revealed in our study (Fig. 5 ), which coincides with the dual language pathways in human and monkey tract-tracing studies (Friederici, 2011; Friederici et al., 2006; Hickok and Poeppel, 2004; Petrides and Pandya, 2009; Saur et al., 2008) . For instance, the dorsal pathways project from the ventral premotor cortex (i.e. area 6v) and area 44 to the posterior STG via the arcuate fasciculus (AF) and superior longitudinal fasciculus (SLF) to support auditory-motor integration (Catani et al., 2005; Hickok and Poeppel, 2004) , consistent with the overlapping functional connectivity patterns of areas 6v1 and 44 v in both Chinese and German groups (Fig. 5) . Moreover, the ventral pathways connect areas 45 and 47 with STG via the extreme fiber capsule system (EFCS) and uncinate fasciculus (UF) to support sound-to-meaning mapping (Hickok and Poeppel, 2004; Saur et al., 2010) , coinciding with the convergent connectivity patterns of areas 45a and 47 across four groups (Fig. 5) . Similar construction of these language pathways has also been reported in Chinese subjects (He et al., 2003; Qiu et al., 2011; Sun et al., 2011) , which supports the cross-cultural consistency of connectivity patterns we found in Chinese and German speakers (Figs. 5 and 8) .
Moreover, certain cultural-specific connectivity of Broca's region was also observed. For instance, there was stronger functional connectivity between area 6 v and the motor hand area in Chinese subjects (Fig. 6) , coinciding with the perspective that emphasizes the critical role of writing in Chinese language processings (Cao et al., 2013; Perfetti and Tan, 2013; Tan et al., 2005b) . We also found higher connectivity between area 45p and MFG in Chinese subjects, consistent with the reports of additional brain activation of MFG during phonological processing of Chinese characters (Tan et al., 2005a; Wu et al., 2012) , which additionally caused the separation of area 45p from the Module 45/47 in Chinese groups (Fig. S5) . These findings of crosscultural convergence and divergence are in line with the neuronal recycling hypothesis, according to which a core brain system of language processing exists consisting of intrinsic anatomical and connectional constraints, but different experiences of culture and training would regulate its neural plasticity by recycling of the existing neural substrates (Dehaene and Cohen, 2007; Dehaene et al., 2010) .
Modularity organization of Broca's region
In addition to the functional connectivity analysis, we also performed hierarchical organization analysis to identify the modular architecture of Broca's region. Five functional modules were identified within Broca's region, which followed a consistent pattern across the different language groups (Fig. S5) . We then identified the functional connectivity pattern of each module with the rest of the brain. Each module had a different connectivity profile (Fig. 8) possibly supporting their characterized functions involved in different aspects of language processing. Specifically, Module 6 v had strong connections with the precentral and postcentral gyrus, and most likely participates in motor execution and planning during word articulation (Hickok et al., 2011; Price, 2012; Scott et al., 2009 ). Module 44 v was highly connected to SMG and STG, and is thought to be involved in the syntax processing (Fiebach et al., 2004; Makuuchi et al., 2009 ) and syllabic verbal utterances (Moser et al., 2009; Riecker et al., 2008) . Module IFS had strong connections with posterior MFS, SMG and IPS, and is possibly associated with verbal working memory (Makuuchi et al., 2009; Paulesu et al., 1993) and linguistic sequencing (syllabification) (Callan et al., 2006; Indefrey and Levelt, 2004) . Module IFJ had significant connections with the posterior MFG, AG and posterior MTG, and is known to be activated in cognitive control including task switching and shifting Derrfuss et al., 2005) and attention (Heim et al., 2014) . Module 45/47 was strongly connected to posterior MFG, AG, STS and posterior MTG, and is typically associated with semantic processing (Bookheimer, 2002; Dapretto and Bookheimer, 1999; Price, 2012) . However, a cultural-specific module was found in Chinese groups, i.e. area 45p was separated from the original module 45/47 (Fig. S5 ). This variation in modularity is probably caused by the higher functional connectivity between area 45p and MFG in Chinese subjects (Fig. 6) . Future research will be necessary to detect its specific role in Chinese language processing.
Moreover, this fine-grained modularity analysis concurs with the theory of a functional specialization language networks into languagespecific and domain-general subnetworks (Fedorenko and ThompsonSchill, 2014) . Among the present five modules, three correspond to domain-general modules, including Modules 6 v, IFS and IFJ, which generally support motor execution, working memory and cognitive control (Fedorenko and Thompson-Schill, 2014) , whereas the other two modules, i.e. Module 44 v and Module 45/47, are associated with specific aspects of language processing such as syntactic and semantic Fig. 8 . Conjunction analysis of functional connectivity maps of each module within Broca's region. Common connections for each of the five modules within Broca's region were shown for the two Chinese datasets (green), two German datasets (blue) and across all four datasets (red). For each pair of figures, the first column shows the anatomical location of each module on the lateral surface view, and the second column shows the conjunction analysis of its functional connectivity patterns across the four datasets (FDR p=0.01, cluster size > 50 voxels with 3 mm isotropic resolution). Each module showed a distinct functional connectivity profile, but still presented high consistency between language groups. processing (Fedorenko et al., 2012) . A similar hierarchical organization pattern within Broca's region has also been proposed by Amunts (Amunts et al., 2010; Amunts and Zilles, 2012 ) based on the distribution of neurotransmitter receptors. Thus, this coherent modularity organization of Broca's region could provide new insights into its universal behaviors in language processing.
In conclusion, the present study revealed a common intrinsic organization of Broca's region across logographic and alphabetic languages, including similar topology of the parcellation maps, consistent connectivity patterns of the subdivisions and convergent modularity organization. Our study provides a neuroanatomical insight into the consistent involvement of Broca's region across different languages and may thus contribute to the understanding of the neural basis of language universals. Future research will be necessary in order to determine whether other language areas beyond Broca's region also share a common pattern of organization. The same line of reasoning applies for studies involving other languages, which are necessary in order to solve the debate on the universal brain basis for all language processing (Nakamura et al., 2012; Perfetti and Tan, 2013) .
Limitations
In this study, although all subjects were scanned at 3.0 T and using the EPI sequence, the four rs-fMRI datasets were not collected from the same center or using the same scanner or using the same protocols. This might cause bias in functional connectivity analysis due to different scanning conditions and variations in SNR of fMRI signals. However, no systemic bias was found during the analysis. Instead, we found highly consistent parcellation maps across the four groups, as well as large overlaps in the connectivity patterns of the subdivisions and modules. Moreover, the difference in the connectivity profiles was region-specific, e.g. only present in the dorsal subdivision of area 6 v and the posterior subdivision of area 45. One might expect more general scanner-specific effects which could affect all connectivity measures. Instead, only two out of thirteen subregions showed a group difference in connectivity patterns. Thus, this cross-cultural consistency and diversity analysis of Broca's region could still be valid despite possible differences in scanning conditions across multiple datasets. However, considering the limitations of using multi-site resting-state fMRI in studying language pathways and functions, our results on cross-cultural differences still need to be interpreted with caution.
